A new method for the fractionation of dough made from wheat flour is described. The method does not involve the use of diluents or extractants and consists simply of ultracentrifugation of the dough. With this method dough is resolved into from five to seven discrete layers, depending on the dough treatment. A study of the fractionation of doughs made from seven Australian flours is described together with the physical and chemical composition of the various layers.
INTRODUCTION
There have been, broadly, two approaches to the problem of explaining in chemical terms the observed variations in the visco-elastic properties of doughs made from wheat flour. The first has been a chemical search on a wide spectrum of flours for components which differ significantly either qualitatively or quantitatively between flours of strong and weak baking quality. This type of investigation (Johnson and Miller 1949; Coppock et al. 1954; Pence, Weinstein, and Mecham 1954a , 1954b , 1954c , 1956 Mattern and Sandstedt 1957; Donelson and Wilson 1960; Elton and Ewart 1961) , while adding greatly to our knowledge of the constituents of wheat flour, has contributed little positive information beyond indicating that gluten is the principal component responsible for these cohesive forces.
The second major approach has been to study the effect of various oxidizing, reducing, sulphydryl blocking reagents, and other chemicals on the rheological properties of dough. This type of experiment has yielded valuable hypotheses of the way in which the intermolecular bonding of gluten can be affected (Sullivan et al. 1940; Goldstein 1957; Frater et al. 1960; Frater, Hird, and Moss 1961; Sullivan, Dahle, and Larson 1961; Sullivan, Dahle, and Nelson 1961; McDermott and Pace 1961) . The observation of the effect of such reagents in chemical terms would have more meaning if the reacted products could be investigated without the necessity of the usual procedure of breaking down the dough system.
Since the physical properties of a dough depend on the interaction of the individual components of flour, the use of extractants on a flour, when components may be removed without interaction having occurred, or on a dough, when the interaction may be disturbed, has obvious disadvantages. This is especially so where chemical relationships within a dough are being studied. It was in the hope of overcoming some of these difficulties that the following method was devised.
The fractionation, which utilizes purely mechanical forces, resolves the dough into discrete layers by ultracentrifugation. These may then be obtained as separate entities. The present paper describes the fractionation of dough and the general properties of the layers so formed, including content of nitrogen, carbohydrate, and total solids. Baker, Parker, and Mize (1946) subjected dough to centrifugation in a Sharples centrifuge and obtained material analogous to the dough liquor of the present method. Their method, however, did not permit the separation of any other dough fractions.
II. MATERIALS AND METHODS

(a) Flour Samples
Seven Australian white flours from spring wheats were used-Waterwheel, Homebush, and Geelong represent commercially milled and blended flours, the others were experimentally milled from pure-variety wheats. These are listed together with their nitrogen contents and farinograph and extensograph data in Table 1 . Spica   2·40  63·5  15·5  1000  450  7·3  20·9   Lawrence   2·60  69·5  7  650  250  14·3  22·5   Gabo   2·22  66·0  7  860  240  9·8  21·0   Homebush   2·19  64·6  7  710  300  9·9  23·5   Glenwari   1·81  58·6  75  430  90  8·0  18·1   Waterwheel   1·44  52·0  150  270  120   8~0   17·2   Geelong   1·86  60·0  210  630  160  9·2  20·1 * Based on 14% moisture content. t Volume (ml) of O' 5M sodium chloride per 100 g flour required to give a farlnograph consistency of 500 B.U.
t These values were obtained from extensograph measurements carried out at a. constant water absorption of 63·4%.
(b) Preparation of Doughs
Flour samples (300 g) were mixed at 30 °0 in a Brabender farinograph with 190 ml 0 ·5M sodium chloride. Doughs were routinely mixed until maximum consistency on the farinograph was obtained, the exceptions being overmixed doughs which were mixed for 30 or 60 min.
Iodate-, cysteine-, N-ethyl maleimide-, and sulphite-treated doughs were made by incorporating the appropriate compound at the desired concentration in the salt solution prior to mixing.
Both flour and salt solution were preheated to 30 °0 before mixing.
(c) Fractionation
The dough (approx. 42 g per tube) was rammed into 37-ml centrifuge tubes immediately after mixing. These were then balanced to within 0·1 g of each other, sealed, and placed in rotor 30 of a Spinco model L ultracentrifuge. The rotor had been preheated to 30 °0 beforehand. In every case sedimentation was begun 45 min after the completion of mixing, and continued at lO5,000 g for 70 min. Mter centrifugation the dough in the tubes had resolved into seven discrete layers as is shown in Figure 1 . These layers were separated as follows:
(i) Dough Liquor and Lipid
The tube caps were removed and the dough liquor and lipid drained completely into tared 50-ml Servall centrifuge tubes. Any lipid which adhered to the side of the Spinco tubes was removed with a spatula and transferred to a tube containing 6 ml 4'OM sodium chloride. The tubes containing the dough liquor were centrifuged, after weighing, at 5000 g in a Servall SS3 centrifuge for 10 min at 2 °0. The lipid floating on the surface as a result of this treatment was removed with a spatula and added to the tube containing 4'OM sodium chloride. The dough liquor was decanted from the small amount of white sediment which usually formed at this stage, and was used directly for viscosity, density, and other measurements described below. As indicated in Table 2 , dough liquors were fractionated, by exhaustive dialysis against water for 2 days, into diffusible and non-diffusible fractions. The latter, which contained precipitated proteins and polysaccharides, was further fractionated by centrifuging to give non-diffusible, water-soluble, and water-insoluble fractions. The water-insoluble pellet in the tube was extracted with 0'5M sodium chloride to yield a water-insoluble, salt-soluble fraction. The residue from this treatment was soluble in 0 ·IN sodium hydroxide, giving a salt-and water-insoluble fraction.
The lipid was washed twice with 6 ml 4· OM sodium chloride and then taken up in 5 ml chloroform-methanol (1 : 1 v/v), boiled for 3 min to precipitate protein, centrifuged briefly, and an estimation of iodine number (Hanus method) made on the supernatant.
(iii) Gluten and Starch Layers
The Spinco tubes containing the remaining layers were sealed with Parafilm, frozen immediately at -20°0, and stored until required.
Separation of the layers was carried out as follows: The frozen centrifuge tube was slit open lengthwise with a razor-blade and layer I pared off with a scalpel. Layers II and IV were not isolated because there was insufficient material to permit clean-cut separation from contiguous layers. Layer III was sliced off in a similar manner to layer 1. In the case of both layers I and III, a considerable amount was left in contact with the next adjacent layer. These interface layers, I/III and III/starch, which contained layers II and IV respectively, were removed also. This procedure was found necessary because otherwise it was impossible to remove completely anyone layer without contaminating it with the next. For some estimations the layers were further fractionated as indicated in Table 3 .
(iii) Total Solids
These were determined by drying an accurately weighed amount, usually 5-10 g, to constant weight at 105 °0. As described above, layers I and III and the starch layer were separated from other fractions. The interfaces I/III and III/starch contained varying quantities of the contiguous layers. Since the dry weight content of the three layers was accurately known, it was possible to estimate the proportion of these in the interface layers by weighing the interface layers, determining the dry weights, and calculating the ratio of layers necessary to produce an interface layer of that dry weight content. Thus the total amounts of each layer could be estimated in each dough.
.
" (d) Nitrogen
This was determined by micr Kjeldahl estimations performed on diluted t--1 aliquots of the solutions. In the case f solid samples, weighed quantities were first hydrolysed by reflux overnight with IN sulphuric acid followed by dilution to standard volume and Kjeldahl digestion of an aliquot. A slight modification of the dichromatic method described by Brown (1946) was used for these estimations. Total reducing sugars were estimated by the method of Somogyi (1952) and Nelson (1944) .
(f) Physical Measurements
The density of the dough liquor was determined with a pycnometer at 20·0 °0. Viscosity measurements were carried out at 20 °0 with an Ostwald viscometer (British Standards Specifications No. 3) with a water flow time of 6·3 sec. Oalculations of viscosity were carried out as described by Swindells, Ullman, and Mark (1959).
(f) Flour Extractions
Flour (10 g) was extracted five times with c. 35 ml 0'5M sodium chloride at 2°C. Each extraction volume was left in contact with the flour for 8 hr at 2°C, and stirred vigorously by hand for 5 min at intervals throughout this period.
The mixtures were then centrifuged at 5000 g in a Servall SS3 centrifuge for 10 min and the supernatants from each flour bulked and made up to 200 ml. 50-ml aliquots of these solutions were dialysed against 500-ml changes of water (five changes over 2 days) at 2°C and the precipitate which formed was removed by centrifuging at 5000 g for 10 min in a Servall SS3 centrifuge. The supernatant (containing water-soluble compounds, designated albumin) was decanted and the sediment washed with 10 ml water, and centrifuged as above. These washings were added to the albumin fraction, which was adjusted to 100 ml. The sediment was then extracted twice with 20 ml 0'5M sodium chloride, centrifuged as above, the supernatants bulked, and diluted to 50 ml (globulin fraction). The remaining sediment was found to be completely soluble in 20 ml 0 ·IN sodium hydroxide. Nitrogen estimations were performed on these fractions.
III. RESULTS
On ultracentrifugation dough is resolved into a series of discrete layers. The centrifugal force, the time for which it is applied, the temperature of centrifugation, and the strength of the dough, all, as would be expected, affect the degree of resolution.
As centrifugation was routinely begun 45 min after mixing, the doughs were partially. relaxed and it was the strength of relaxed dough which controlled the degree of separation. While lipid, dough liquor, and layer I appeared to separate fully even with the strongest dough examined, the resolution of the gluten and starch layers fell off sharply with the stronger of the relaxed doughs.
Water absorption was held constant for all doughs at 63·4% and it can be seen from Table 1 that, when mixed at this level, Spica, Lawrence, Gabo, and Homebush give farinograph strengths greater than 500 Brabender units (B.U.). This accounted to some extent for the poorer resolution observed of doughs made from these four flours.
For complete resolution of all layers a relaxed strength of 200 B.U. appeared to be the maximum allowable, while partial resolution of gluten and starch layers could be obtained with relaxed dough strengths of up to 400 B.U. The composition of various doughs in terms of the four main fractions is presented in Table 4 . 
(a) Lipid Layer
The uppermost lipid layer was bright yellow in all but one category of doughs examined and amounted to 1-2 g per 450 g dough. The exceptions were the overmixed doughs; in these the lipid layer had become pale grey in colour. Iodine number estimations on the lipid layer gave values ranging from 57 to 75, but the values did not appear to vary significantly with either variety or with treatment of dough.
(b) Dough Liquor Dough liquor was, in all cases, an extremely viscous, pale-brown liquid. Although clear initially, it rapidly became opalescent due to the appearance of a polysaccharide and protein precipitate which could be removed by centrifugation. In parallel with the increasing opacity was a rapid drop in viscosity and a concomitant increase in concentration of reducing sugars as illustrated in Figure 2 results are plotted in this form to show the large initial difference in viscosities of the various dough liquors, which disappear on standing. It can be seen that treatment with iodate or cysteine produces a more than twofold increase in initial viscosity, whereas overmixing of dough brings about a slight fall.
The dough liquors contained 14·5-15·5% total solids (of which 2'9% w/v was found to be sodium chloride) and had a density irrespective of variety or treatment of 1·063 ± 0·005. The composition of the various dough liquor fractions in terms of nitrogen, pentose, and hexose content is shown in Tables 5 and 6 .
(c) Layer I
Layer I was whitish grey in colour and soft and friable in texture. It contained 20-22% solids. While the nitrogen content of layer I for normally treated doughs varies from 0·34% (Waterwheel) to 0·66% (Homebush), this variation cannot be attributed to differences in dough liquor nitrogen. For example, cysteine treatment increased Waterwheel dough liquor nitrogen from 0·40% to 0·48% while with the same treatment layer I nitrogen increased from 0'34% to 1·05%. Approximately half of this nitrogen represented contamination with dough liquor, as measured by nitrogen extractable with O· 5M sodium chloride. Most of the remaining nitrogen was extractable with 0 '02N formic acid; the residual nitrogen was soluble in 0 ·IN sodium hydroxide. These results are shown in Table 7 .
(d) Layer II
This layer was white in colour and was usually observed as a thin hair-line separating layers I and III; its composition is unknown.
(e) Layer III
Layer III, the main layer, was buff coloured, tough, cohesive, and exhibited the characteristic visco-elastic properties of hand-washed gluten. Variation in dough treatment altered the physical properties of this layer. Thus, the addition of cysteine or sulphite rendered it soft, extensible, and sticky, while, with the addition of iodate or N-ethyl maleimide at the concentration used, or on overmixing, the layer became softer and more friable. Layer III contained 52-54% total solids in normal, iodate-or N-ethyl maleimidetreated doughs. Treatment with cysteine or sulphite lowered the solids content to 48% while overmixing for 60 min reduced the total solids in the layer to 35%. Layer III in doughs made from the stronger flours (Gabo, Homebush, Spica, and Lawrence) had a solids content ranging from 55 to 59%, but with these doughs resolution of the layers was poorer and layer III was visibly contaminated with starch. The proportion of protein in layer III was high (2·98-3·91% nitrogen on wet weight basis). The proportion of layer nitrogen due to dough liquor contamination, as judged by nitrogen extractable with 0·5M sodium chloride, is given for various doughs in Table 7 . This table also records the percentage of layer III nitrogen soluble in dilute formic acid.
(f) Layer IV
This layer was brown in colour and usually accounted for about 1 % of the total dough. Physically it was tough and sticky like layer III. On overmixing dough this layer increased in amount and became a darker brown. As mentioned above it was not found possible to isolate either layer II or IV as neither was present in sufficient quantity.
(g) Starch Layer This layer had a solids content of 70-72% and contained varying amounts of nitrogen, 0·10-1·49%. When derived from normally mixed doughs, this fraction was visibly contaminated with gluten. In the case of Lawrence and Spica flours separation of layer III and the starch layer was so poor that it was difficult to distinguish the junction of the layers.
Overmixing or treatment with iodate, N-ethyl maleimide, or cysteine resulted in greatly improved separation of layer III and starch. In these cases the starch had a clear white granular appearance and a reduced nitrogen content, as is shown in Table 7 .
IV. DISCUSSION The advantages of the fractionation procedure described lie in its simplicity and the way in which the components of dough are presented in a form suitable for subsequent analytical investigation.
As the flour variety and dough treatment are broadly reflected in the fractionation pattern, it is possible that this method may provide further criteria by which flour quality can be judged. It should be recognized, however, that absolute separation of the dough fractions is not achieved. Nevertheless, since the dough liquor is separated without contamination by any of the other layers, and since the composition of the dough liquor can be accurately determined, it is possible to adjust the values obtained for the other layers if the assumption is made that the nitrogen extractable with 0·5M sodium chloride represents dough liquor contamination. The nitrogen content of the various layers and the extent of dough liquor contamination are given in Table 7 . The results for a given flour and dough treatment were quite reproducible.
Several consistencies and variations between flour varieties and dough treatments were observed. While it is possible to explain some or all of these observations in terms of the theories which have been advanced to account for the rheological behaviour of dough, it is not felt justifiable to do so at present; at least not until further analytical work has been carried out on the layers and their various subfractions.
(a) Resolution
In general, flours with low relaxed strength give good resolution of all layers on sedimentation and vice versa. The degree of resolution on ultracentrifugation does not appear, however, to be a simple function of either the relaxed strength or the gluten content of the flour.
Water-absorption levels for all doughs were fixed at 63·4% (190 ml 0'5M sodium chloride added to 300 g of flour) for two reasons: firstly as a compromise between the low absorption levels of the poor flours (Glenwari, Waterwheel, and Geelong) and the high absorption levels of the strong flours, and secondly, in order that results would be directly comparable between different doughs. 
The results (Table 8) for nitrogen content of the various subfractions of dough liquor indicate no meaningful differences between varieties. On the other hand, some small differences appear with treatment. Overmixing increases the amount of dialysable nitrogen. Sulphite, perhaps surprisingly, since it ruptures disulphide bonds and might be expected to release small peptide chains, causes a decrease in dialysable nitrogen, similar to that observed when dough is treated with iodate or N-ethyl maleimide. However, these changes are relatively small and may not be significant.
The ratios obtained of albumin to globulin (i.e. water-soluble to salt-soluble compounds) are much higher than the ratios obtained by Mecham (1954a, 1954b) for Northern American flours. This probably reflects the method used here for' separating albumin and globulins. Pence and coworkers used an ammonium sulphate precipitation procedure and obtained albumin to globulin ratios slightly greater than unity. From Table 5 it can be seen that the albumin to globulin ratios obtained from the dough liquors vary from 3·4 (Glenwari) to 5·0 (Lawrence) or, if the alkali-soluble compounds are included with the globulins, 2·9 (Gabo) to 3·4 (Spica). Similar results were obtained with flour extracts, the ratios tending to be somewhat higher (Table 6 ). The flour extractions removed a much higher proportion of the flour nitrogen than appeared in the dough liquor. Table 9 compares the nitrogen recoveries for the two methods. The values given for the dough liquor represent the dough liquor layer plus nitrogen extractable with o ·5M sodium chloride from layers I and III and the starch layer. That this represents the dough liquor contamination of these layers has been assumed as the basis of these calculations. The difference between calculated dough liquor nitrogen and nitrogen extractable from flour with salt solution presumably indicates the extent of interaction which has occurred between salt-soluble (albumin and globulin) and salt-insoluble (gliadin and glutenin) components of the flour during dough formation. This has occurred largely at the expense of the albumin component since the albumin to globulin ratio is lower in the dough liquors than in the salt extracts of the flours. This effect was noted also by Pence, Mecham, and Olcott (1956) . * From normally mixed doughs at constant water absorption of 63·4%.
The small quantity of dough liquor protein soluble only in 0 ·IN sodium hydroxide could arise from one of two possible sources: as dispersed gliadin or by denaturation of albumins and globulins during mixing or fractionation. Pence, Weinstein, and Mecham (1954a) noted both these possibilities and showed that, in 0 ·5M sodium chloride extractions, almost one-third of the nitrogen extracted represented gliadin. This may account for the much higher albumin to globulin ratios obtained above, since no attempt was made to separate water-soluble gliadin from the albumin preparations. The intention here was not to separate the dough liquor or extracted proteins into their classical divisions but to measure the amount of protein soluble in the aqueous phase of dough and compare this with the salt-soluble nitrogen in flour.
The hexose and pentose contents of the dough liquor does not appear to follow any varietal pattern. However, overmixing, or the addition of N-ethyl maleimide to the dough, produces quantities of dialysable pentose, absent in all other cases. Sulphite treatment brings about a significant change in the solubility distribution of pentose, and to a lesser extent, the hexose sugars.
The marked difference between dialysable hexose (55-65% of total hexose) and the dialysable pentose (none, except as referred to above) may be a reflection of amylase activity in the dough, and the absence of enzymes capable of splitting linkages in the pentosan component. The free sugars of flour apparently do not include pentoses (Montgomery and Smith 1956) .
The high initial viscosity is almost certainly due to the presence of polysaccharides, especially amylose and amylopectin, which are hydrolysed by ot-and ~-amylases known to be present in flour (Dadswell and Gardner 1947a, 1947b) . This is seen by the appearance of reducing sugars coinciding with the phase of rapid loss of viscosity by the dough liquor. This is followed by a much slower decrease in viscosity and the concentration of reducing sugars levels off and even falls after about 12 hr, probably indicating oxidation of the liberated sugars by microorganisms. Udy (1956) has shown the carbohydrates of water extracts of flour to contribute 95% of the intrinsic viscosity of such solutions and noted the effect of enzymic degradation on viscosity measurements. The extent to which the initial fall in viscosity can be attributed to the aggregation and precipitation of polysaccharide or protein is not known, although a protein-polysaccharide precipitate does form.
This loss of viscosity and precipitation appear to occur even in whole dough. Dough left for long periods of relaxation yield dough liquors which are transparent and have low viscosities.
The large increase in dough-liquor viscosity following treatment of dough with either iodate or cysteine is not due to any great increase in the concentration of polysaccharide (Table 6 ), but is presumably caused by an alteration in the shape or state or aggregation of these substances. Layer I, after correction for contamination with dough liquor and for substances soluble in formic acid, is largely (97%) hexose-reacting material. Microscopically, it does not appear to be granular starch and most probably it represents some part of the damaged starch content of the flour. It is difficult, however, to explain the large increase in size of this layer on treatment of the dough with cysteine, which would be expected to affect only the protein or nitrogen-containing components, and indeed appears to do so, for the nitrogen concentration of layer I is increased over threefold.
The disappearance oflayer I on overmixing (complete after 60 min)is probably due to the interaction of the material of this layer with the gluten proteins.
(d) Layer III
The varietal differences are slight and are almost certainly due to increased starch granule contamination of this layer in the case of the stronger doughs. Overmixing results in a decrease in total solids of layer III. As mentioned above in connection with layer I, this appears to be due to the formation of a complex between the weakened gluten and damaged starch.
As might be expected, addition of cysteine or sulphite, both of which treatments cleave disulphide bonds, results in a considerable increase in amount oflayers I and III nitrogen which is soluble in 0'5M sodium chloride. Iodate had a reverse effect. Dough liquor and layers I and II, when expressed as a percentage of the total dough (Table 4) , vary considerably both with variety and dough treatment and there is no simple correlation between these variations and rheological properties, flour quality, or the nitrogen content of the flour.
Although layer III is only 10-25% by weight of the total dough, this layer represents 30-60% of the total dough nitrogen. Thus fractionation has achieved It tenfold concentration of protein into layer III compared with the dough liquor and layer I, and fourfold concentration over the original dough.
It is hoped that further studies on these fractions, particularly measurements of the disulphide and sulphydryl contents and interrelationships between fractions, will yield information on the mechanisms which determine the rheological properties of dough.
